INTRODUCTION
The word 'thymus' originates from a Latin derivation of the Greek thymus, which means 'warty excrescent'; it is so named because it resembles the flowers of the thyme plant. Thymus can also be translated as 'soul' or 'spirit', and thus the thymus was misrepresented by Greek physicians as the seat of the soul. The organ was first mentioned by Galen, who noticed that it is located in the anterior mediastinum and is proportionally largest during infancy. However, Galen wrongly assumed that the thymus plays a role in the purification of the nervous system. Later, it was discovered that the thymus is a lymphatic organ, and in 1846 Hassall and Vanarsdale used a novel microscopy technique to study the thymus. They described differences between the thymus and other lymphoid tissues, specifically the characteristic histological feature that became known as Hassall's corpuscles. 1 Additionally, they found that, although the thymus gland undergoes a process of involution, resulting in a reduction in its functioning mass during puberty, it continues to function throughout one's life.
Many immunological functions of the thymus have been elucidated, including development of immunocompetent T cells, differentiation and proliferation of T-cell subsets, such as the evolution of naive T-cells into T helper cells (CD4) and cytotoxic suppressor cells (CD8), and migration of mature T cells into the circulating lymphocyte pool and peripheral tissues. 2 Perhaps the most important role of the thymus, however, is the induction of immune self-tolerance that functions to prevent self-harm or autoimmunity. Additionally, the thymus is capable of secreting hormones and soluble factors, the most notable being thymolin, thymopoietin and thymosin alpha-1. These hormones function in concert to regulate numerous complex interactions controlling the production of mature and functional T cells within the thymus and peripheral tissues.
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As with other lymphatic organs, benign or malignant tumors may originate from the thymus. Among these tumors, benign epithelial thymoma is the most common and accounts for 20-25% of all mediastinal tumors and 50% of anterior mediastinal ones. 3 Currently, two means of thymoma classification are used for clinical staging and prognostic evaluations. 4 The first is the WHO classification published in 1999, which utilizes microscopic histological criteria (Table 1) , and the second is that performed by Masaoka, which uses macroscopic and microscopic criteria. 3 The current treatment regimen and prognosis for patients diagnosed with thymoma varies according to the stage or subtype of each classification system. 5 In addition, among lymphatic tumors, thymomas are associated with the highest frequency of paraneoplastic manifestations. These include autoimmune phenomena and diseases, 2 which form the basis for this review.
AUTOIMMUNE DISEASES AND THYMOMA
In 1672, Thomas Willis 6 reported the first clinical description of a disease characterized by severe distal muscle weakness. One hundred years later, this disease was termed myasthenia gravis (MG). In 1960, almost 300 years after the initial description of this disease, the presence of autoantibodies to muscle striations in the sera of MG patients was demonstrated, suggesting autoimmunity as the pathogenic mechanism underlying this disease. MG autoantibodies were found to be directed against the acetylcholine receptor (AChR) in the neuromuscular junction of skeletal muscles. 7 Normally, when impulses travel down the nerve, the nerve endings release acetylcholine, which binds to AChR, ultimately generating a muscle contraction. Anti-AChR antibodies cause a defect in the transmission of nerve impulses to muscles and diminish muscle contraction by blocking, altering or destroying the receptors for acetylcholine. 8 MG, therefore, is characterized by fatigability of both bulbar and distal muscles, as well as loss of strength upon exertion that improves after rest. The role of humeral immunity in MG is central, but cellular immunity has also been implicated in the close interactions between thymoma and MG. The exact role of the thymus and cellular immunity in the pathogenesis of this autoimmune disease is not clear; however, 75% of patients with MG demonstrate some degree of thymus abnormality, including thymic hyperplasia in 85% of those patients and thymoma in 15% of cases. 6 Additionally, in the study by Okumura et al., 9 a strong connection was documented between MG and thymoma in 467 MG patients who underwent thymectomy between 1962 and 2001. The majority of patients were female, and no sex differences were documented between patients with thymoma-associated MG and those with non-thymoma MG. 9 Furthermore, a link was found between MG and certain types of thymomas (B1 and B2) that matched the WHO classifications (Table 1) . These thymomas contain a significant number of CD4
1 /CD8 1 double-positive T cells, indicating that a malfunction of the thymus medullary selection process observed in these types of thymomas could be the cause of autoreactive T-cell release. Soltys et al.
8 also demonstrated a change in the course of the disease following thymus resection. In patients with thymoma-associated MG, a reduction of anti-AChR antibody titer was observed, suggesting a role for the intrathymic germinal centers (characteristic of thymoma) in the pathogenesis of MG. In another study, Okumura et al. 9 reported that prethymectomy anti-AChR antibody levels can be viewed as a risk factor for post-thymectomy MG.
In addition to the clinical improvement post-tymectomy and the strong associations between MG and thymoma, it was shown that patients with thymoma-associated MG can be further divided into three subgroups distinguished according to the different clinical manifestations and autoantibodies displayed in their sera. The first group presents with myositis or myocarditis and anti-ryanodine receptor antibodies. The second group displays neuromyotonia and lack of anti-ryanodine receptor antibodies in the presence of voltage-gated or calcium channel autoantibodies. The third group has no myositis, neuromyotonia or anti-ryanodine receptor antibodies, instead presenting with antibodies directed at titin (a large abundant protein also known as connectin) or calcium channel. These differences were hypothesized to be due to the differences in thymoma types and their relation to different autoantibodies, with each being directed against a different component of the muscle tissue. 10 Of note, the association between thymoma and MG was demonstrated over a wide range of ages, including a recent case report of thymoma and MG in infancy.
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Besides MG, in which thymoma was the most prevalent, this tumor is also known to be associated with other autoimmune diseases (Table 2) , and defective immune regulation has been suggested to be the link between these diseases. 12, 13 In 30% of patients with thymoma, autoimmune conditions will be diagnosed either in a comorbid state or at post-thymectomy, where up to 50% of patients are diagnosed concomitantly with two autoimmune diseases.
14,15 The co-occurrence of systemic lupus erythematosus (SLE) and thymoma is estimated to vary between 1.5% and 2% in clinical epidemiological studies and up to 10% in studies where thymus biopsies were reviewed.
14 Additionally, in some patients this comorbidity of SLE and thymoma was associated with poor prognosis. 16 The close interaction between these two diseases is emphasized by the observed remission of steroid therapy-resistant SLE disease following thymomectomy. 17 Notably, several manifestations of SLE have been associated with such comorbidity. In a recent meta-analysis of the link between the two diseases, the authors concluded that the possibility of thymoma should be considered and suspected among patients with late-age-onset SLE. 18 Other studies have reported polyarthritis, skin rashes, fever and cytopenias to be more common in SLE patients with thymoma. 19 Thus, it seems that although the exact mechanisms underlying both pathologies have yet to be elucidated, the association between thymoma and SLE is not incidental. 20, 21 Acquired pure red cell aplasia may present as an acute self-limited disease, secondary to viral infection or drug-induced impairments, or as a chronic autoimmune form that may be associated with thymoma. 22 In the latter, damage to erythroid progenitors or precursor cells appears to be T cell-mediated, 23 and it is estimated that 5% of thymomas coexist with pure red cell aplasia. [21] [22] [23] Histological investigation of thymomas from patients diagnosed with pure red cell aplasia revealed small germinal centers and lymphoid aggregation in their bone marrow. 15 This suggests a connection between humeral and cellular alterations observed in these patients. Other immune-mediated cytopenias, such as thrombocytopenia and neutropenia, were also reported to occur in combination with thymoma. 15 The syndrome of inappropriate antidiuretic hormone secretion has been recently linked to autoimmune mechanisms 24 and thymic tumors. Several cases demonstrated syndrome of inappropriate antidiuretic hormone secretion codiagnosed with a mass lesion in the mediastinum 24 or with MG associated with thymoma; 25 however, the mechanisms underlying this connection remain to be elucidated.
Also associated with thymoma are the autoimmune bullous dermatoses-autoimmune blistering diseases, including pemphigus vulgaris, paraneoplastic pemphigus and bullous pemphigoid. 13, 26 More than 20 cases of pemphigus have been documented in the past several decades, 27 and in a recent case study, the resection of thymoma resulted in regression of bullous dermatoses. 28 Other autoimmune conditions, such as polymyositis and myopathy 13, 15, 29 and pernicious anemia, A A tumor with oval shape, with no nuclear atypia, and few or no non-neoplastic lymphocytes AB A tumor in which foci having the features of type A thymoma are admixed with foci rich in lymphocytes B1 A tumor that resembles the normal functional thymus in that it combines large expanses having an appearance practically indistinguishable from normal thymic cortex with areas resembling thymic medulla B2 A tumor in which the neoplastic epithelial component appears as scattered plump cells with vesicular nuclei and distinct nucleoli among a heavy population of lymphocytes B3 A type of thymoma predominantly composed of epithelial cells having a round or polygonal shape and exhibiting no or mild atypia C A thymic tumor exhibiting clear-cut cytologic atypia and a set of cytoarchitectural features no longer specific to the thymus, but rather analogous to those seen in carcinomas of other organs. Type C thymomas lack immature lymphocytes Thymoma and autoimmunity S Shelly et al 200 were linked to both thymoma and MG. Less commonly, autoimmune thyroid diseases, rheumatoid arthritis, ulcerative colitis, dermatomyositis, scleroderma, Takayasu syndrome, 30 autoimmune hemolytic anemia 31 and cortical encephalitis 32 were reported. Interestingly, other thymic tumors such as thymic carcinoma related to Sjögren's syndrome 33, 34 and invasive thymoma to Graves' disease 35 may also be associated with autoimmunity.
PLAUSIBLE MECHANISMS BY WHICH THYMOMA MAY INDUCE AUTOIMMUNITY
The etiology of various autoimmune diseases is perceived as a mosaic of factors that usually encompasses genetic propensity and a wide spectrum of other factors, including the environment, immunemediated processes, infections, hormones and drugs. [36] [37] [38] [39] . In the case of the thymus and autoimmunity, it is reasonable to speculate that a disregulation in immune function is the underlying mechanism. 40 Progenitor T cells, in a manner similar to B cells, are formed in the bone marrow; however, they later migrate to the thymus for a series of changes including maturation, differentiation and selection. Similar to B-cell maturation in the bone marrow, T-cell maturation in the thymus involves rearrangements of the germ-line T-cell receptor genes and the expression of various membrane markers. Anatomically, the thymus is composed of histologically distinct cortical and medullary areas. Upon migration to the thymus, T cells enter the outer cortex and slowly proliferate. They then progress from the outer cortex to the medullary region and complete a series of characteristic changes in their cell surface phenotype. Along with T-cell diversification and maturation into an effective repertoire of lymphocytes, an extraordinary pair of selection processes takes place in the thymus. Positive selection permits the survival of only the T cells whose T-cell receptors are capable of recognizing self-major histocompatibility complex (MHC) molecules, and it is thus responsible for the creation of a self-MHC-restricted response. Alternately, negative selection eliminates T cells that react too strongly with self-MHC or with self-MHC plus self-peptides, thus eliminating autoreactivity of these T cells. 36 These thymic functions are critical for maintaining selftolerance and aid in the production of regulatory T cells. 37 These cells represent a specific subset of T cells that are formed either in the thymus or later at peripheral sites to dominantly control self-reactivity in the periphery. Regulatory T cells are able to suppress the activation of neighboring T cells by an autoantigen, thus inhibiting the autoimmune cascade. 38 Based on the observations presented here, the association of thymic tumors with loss of self-tolerance is not surprising, and several mechanisms have been suggested based mainly on the assumption that the 'sick thymus' generates mature but impaired T cells.
39,41
The immature T-cell theory In thymoma, the epithelial and lymphoid components closely mimic the cell organization observed in normal thymus; however, thymocytes derived from thymoma may be immature and lack the sufficient self-tolerance required for normal function. This notion is supported by the observation that neoplastic cortical thymocytes exhibit antigens such as TdT 1 , T6 1 , T4 1 and T8 1 , all of which are markers of immaturity. In a study by Chilosi et al., 39 a comparison between normal thymus and thymoma was performed by quantitative immunostaining using a monoclonal antibody specific for Ki67, a marker of cellular proliferation. The amount of Ki67-positive cells in thymomas ranged from 35% to 80%. These levels were significantly higher than in agematched control thymuses but were similar to those observed in thymuses from younger patients. Additionally, the amount of mature CD4
1 T cells in thymomas was found to be lower than in normal thymus. 42 The 'escape theory' suggests that immaturity of thymoma-derived cells results from a lack of thymocyte passage through the medullary areas in which self-tolerance is induced by dendritic cells. 43 Thus, thymoma-derived thymocytes may escape into the circulation, where they avoid critical medullary selection and maturation and thus become autoreactive.
Neoplastic-genetic theory
Another theory that attempts to explain the link between thymoma and autoimmunity is the neoplastic-genetic theory. Thymocytes acquire their antigen specificity within the thymic cortex, where the rearrangement of T-cell receptor genes takes place. In thymoma, a large portion of the cortical thymocytes are proliferating, and this high turnover rate can increase the chance of genetic mutation. 40 Interestingly, thymocytes derived from cortical areas with increased proliferation rates show self-reactivity. 44 Additionally, neoplastic epithelial cells in thymoma were found to be genetically different from those of normal control cells, because the expression of HLA-DR molecules is slightly reduced compared with expression in the normal thymus. This impaired expression of HLA-DR in neoplastic epithelial cells may affect positive selection and autoreactivity associated with HLA-A24 and HLA-B8, which are significant predictive factors for MG. In a study by Machens et al., 45 these HLA subtypes were associated with increased development of thymoma. These data suggest that at least a portion of the thymic pathology that is linked to autoimmunity involves genetic aberrations. 9 The combined cellular and humeral deregulation theory This theory suggests a link between the adaptive arms of the immune system that allows them to act in concert to promote autoimmune disease. The export of thymoma-derived autoreactive T cells to the periphery is presumed to be a critical step in the development of thymoma-associated autoimmunity; however, an additional step has been suggested as being required to link these auto reactive T cells to autoantibody-producing B cells. Thus, a model consisting of two independent steps has been suggested. 2 The first involves a large number of thymoma-derived CD8 T cells exhibiting impaired tolerance that initiate an autoimmune cascade. During the second step, a transformation from cellular to humoral immunity occurs through activation of CD4 T cells, which, in turn, activate B cells to produce autoantibodies. This mechanism is supported by the presence of aberrant autoimmune CD4 T cells in thymoma-associated MG, as well as association of thymoma with the presence of autoantibodies in other diseases.
CONCLUSIONS
In recent decades, a variety of autoimmune diseases other than MG have been associated with the presence of thymoma (Table 2) . Although the exact mechanisms by which thymoma induces autoreactivity are yet to be elucidated, the link between the two seems to be strong and not coincidental, especially since the resection of thymoma was beneficial to patients with certain autoimmune diseases. The most probable explanation for autoimmunity related to thymoma is that the damage induced by tumor growth within the thymus diminishes its ability to maintain self-tolerance and opens a 'window of opportunity' for autoimmune diseases to develop. Elucidating these mechanisms might not only guide us in treating patients with such comorbidities but could also improve our understanding of autoimmunity and our ability to prevent this disorder.
